Abstract: The characterization of the wavefront of a white-light supercontinuum generated by sub-picosecond pulses in YAG at 1030 nm shows a good quality and little dependence on the wavelength.
OCIS codes: (320.6629) Supercontinuum generation; (120.5050) Phase measurement.
White-light generation, first observed in 1970 [1] and later investigated experimentally and theoretically [2] , is currently extensively used in ultrafast laser systems, for example for spectroscopy or to seed optical parametric amplifiers. These amplifiers might be part of waveform synthesizers, where different spectral parts are parametrically amplified in one or several stages [3, 4] . For this application, the quality of the synthesis of the different spectral regions depends in parts on the spatial quality of the beams, determined not only by the amplification stages, but also by the generation step. The literature shows however no measurements of the spatial beam quality of the white-light. Here, we present an experimental study of the wavefront (WF) of a white-light supercontinuum and its wavelength dependency.
We use a 1030 nm Yb:KYW source providing 650 fs and 0.65 mJ pulses at 1 kHz [3] . The white-light was generated by focusing a fraction of the energy (∼μJ) with a 100 mm focal length lens into a 10 mm long YAG rod at room temperature. The infrared was filtered out by a 950 nm short-pass filter. A variable second filter was used to select a part of the spectrum to be analyzed with a WF sensor, the HASO4 Broadband Shack-Hartmann from Imagine Optic. Two 20 nm large bandpass filters centered at 570 nm and 600 nm allowed to study precise spectral components of the white-light while 650 nm to 900 nm long-pass filters permitted to progressively reduce the bandwidth. Different combinations of neutral density filters were added to avoid saturation of the WF sensor. For each filter configuration, the resulting spectrum and singleshot WFs were recorded. The tilts and defocus components of the WF were subtracted in Imagine Optics's WaveView software to observe only the WF aberrations.
The measured WFs shown in Fig. 1 are presenting comparable patterns. The structures in the 900-950 nm part of the beam (c) remain visible as the bandwidth increases and other structures are appearing (d to i). The total WF, over a bandwidth from 480 to 950 nm, is an average of the WF of each spectral component, due to the averaging of the local slope introduced by Shack-Hartmann WF sensors. Nonetheless, three WFs of distinct spectral regions ( Fig. 1 (a) to (c)) still display common patterns: a dip on the bottom, higher values on the left and right sides, as well as vertical and horizontal lines. Those patterns can either be caused by the 950 nm short-pass filter cutting out the infrared, or be intrinsic to the white-light generation process. The WF deformation introduced by all other filters have been measured separately and are negligible.
In particular, the quality of each WF can be defined by the root mean square (RMS) deviation from a perfect beam. The average RMS of the nine configurations is spanning from (60 ± 2) nm to (140 ± 3) nm without specific trend (see Table 1 ) and is unrelated to the number of filters that might have influenced the measured WF. Considering a central wavelength λ = 700 nm, the total WF has a RMS distortion of λ /11.6, which is a decent quality (the Maréchal criterion states that a beam is considered as diffraction limited when its WF deformation is under λ /14 [5] Zernike polynomials are widely used to represent WF aberrations of round beams, and are here shown in Fig. 2(a) . However, due to the lack of central symmetry in the measured WFs of the white-light, there are no Zernike polynomials with a clear contribution to the WF deformation: except for the tilt and defocus components of the beam, all coefficients are inferior to 40 nm and are globally decreasing with the order. The same behavior is seen for all filters configurations. Only the 0°astigmatism (fourth Zernike polynomial, defined as r 2 cos(2θ ) in polar coordinates) component is significant, ranging from (17.6 ± 1.7) nm to (39.6 ± 3.3) nm. All coefficients are calculated on a 2.1 mm radius pupil. In addition to the WF, we recorded the intensity profile of the beam incident on the WF sensor. Fig. 2(b) shows the normalized 1/e 2 average beam diameter for each filter configuration. One can see that the beam size is decreasing when the bandwidth is reducing from 480-950 nm to 900-950 nm, indicating that low wavelengths contains the components contributing to a larger beam size. Notably, the components at 560-580 nm and 590-610 nm have a bigger diameter than the complete beam. This might be explained by the reddish low-intensity halo around the bright central beam, which has been dimmed by the neutral density filters in the measurements with larger bandwidths. Similarly, the divergence of the beam, which is calculated from the WF by WaveView, decreases as the wavelength increases. However, the coefficient of the Zernike polynomial corresponding to the WF curvature stays constant in all configurations, indicating that the difference in divergence is only due to the difference in the beam size and wavelength.
Conclusion
The wavefront of the white-light continuum generated by sub-ps pulses in bulk (YAG), measured here in the visible wing for the first time, exhibits a good quality (λ /11.6), here mainly described by 0°astigmatism. The shape and the wavefront quality remain constant with the spectral region; only the divergence of the white-light increases for lower wavelengths.
